This study reports the synthesis, structure and magnetic properties of a set of Sr 2-x La x CrMoO 6 and Sr 2-x La x Cr 1+x/2 Mo 1-x/2 O 6 samples. Although both series exhibit similar crystal structures, Sr 2-x La x CrMoO 6 samples present an effective electron doping revealed by a significant expansion of the unit cell with increasing x. In Sr 2-x La x Cr 1+x/2 Mo 1-x/2 O 6 samples instead, the Cr-excess leads to a non electron doped system. Both series show a large amount of antisite defects whose number increases as La-content increases. Neutron diffraction patterns reveal the existence of long range magnetic ordering for all samples but the magnetic peaks are very broad for Sr 2 CrMoO 6 indicating a short coherence length for the magnetic phase. This coherence length is increased upon replacing Sr by La. In both systems (electron doped and non electron doped) there is a clear increase of the magnetic transition temperature with doping. The samples show ferromagnetic contributions at low temperature as deduced from the magnetic hysteresis loops typical of hard ferromagnetic materials. However, magnetic saturation is not achieved even at 5 T and the magnetic moment at this field is very small. The ac magnetic susceptibility reveals the existence of several anomalies suggesting that these compounds are magnetically inhomogeneous. This is probably due to the presence of the large amount of antisite defects not homogenously distributed.
Introduction.
The study of half metals having only one spin direction at the Fermi level is of great interest in the field of spintronics [1] . Among these compounds, magnetic double perovskites (DP) are very promising owing to their high Curie temperature (T C ) and the predicted half-metallic character for the ground state [2] . These compounds are nominally A 2 BB'O 6 and we denote them as BB'-based DP. A stands for a big cation (usually alkaline earth or rare earth) whereas B and B' are two different transition metals which are arranged as rock-salt in the primitive perovskite B-site giving rise to two new sublattices. The ordering is favoured by large differences in either atomic size or valence state between B and B' [3, 4] .
The most studied DP is by far Sr 2 FeMoO 6 [2, [5] [6] [7] [8] [9] [10] . In this compound electron doping (e-doping), achieved by partial substitution of Sr 2+ with La 3+ (or another light rare earth), gives rise to an enhancement of T C [7] [8] [9] [10] . The result was confirmed in other FeMo-based compounds [11] and opened expectations of obtaining robust half-metals suitable for high temperature devices. Unfortunately, this type of substitution also induces structural changes which make difficult to discern the purely electronic effects associated to doping from structural impacts.
One undesirable structural effect is the increase of anti-site defects (ASD) in doped samples. These defects stand for misplaced B ions which occupy the ideal position of B' ones (and vice versa). ASD are quantified by the percentage of misplaced ions in such a way that ASD= 0% corresponds to a fully ordered DP whereas ASD is 50% for a single perovskite with the two cations randomly distributed.
ASD of 15% are usually reported for undoped Sr 2 FeMoO 6 whereas it reaches values around 40% for Sr 1.5 La 0.5 FeMoO 6 [12] . Such a high amount of ASD implies a strong contribution of the direct Fe-O-Fe superexchange interactions to the magnetic Version 5 NOV 09 -4 -properties of the sample and therefore this type of interactions has been suggested by some authors as the principal driving force for the T C -enhancement in e-doped DP [13] . The exact role of e-doping in determining the physical properties of DP had to be questioned as well on the basis of results obtained in other DP systems. Recent reports on CrW-based compounds have shown for example a strong T C decrease with e-doping [14] . In MnW-based DP the e-doping seems to increase ferromagnetic correlations but the doped compounds do not develop long range magnetic ordering [15] .
Trying to increase T C through e-doping by substitution is furthermore confronted with the basic problem of incorporating the substituting ion successfully into the matrix. A recent detailed study showed e.g. that the attempted synthesis of the system Sr 2-x La x CrReO 6 was unsuccessful [16] due to the formation of competitive Sr 2-x La x Cr 1+x/2 Re 1-x/2 O 6 phases [16, 17] . In this case, the additional electrons injected by La ), leading to a non e-doped system.
Recently we were successful in preparing e-doped samples in FeRe-based system [18] . The samples showed a low amount of ASD and a T C -enhancement with e-doping. These results support the suitability of this kind of doping to increase T C in some DP. For the moment it seems that this effect can be clearly observed in FeMoand FeRe-based systems but the situation is not obvious at all for DP without Fe.
Further studies are therefore needed to learn more about the possibilities of this type of e-doping in DP and to discern the effects produced in different systems.
In order to do so we are now focusing our attention on CrMo-based DP for several reasons. Firstly, there are not reports about the existence of Sr 2-x La x CrMoO 6 samples and its study allows spreading out the research field of e-doped DP. Secondly, the Version 5 NOV 09 -5 -lighter transition metal in this system is Cr, not Fe, and the attempts of increasing T C with doping in other Cr-based DP have failed due to reasons previously mentioned [14, 17] . The study of CrMo-based compounds could shed light on the role of Cr atoms in the possibility of e-doping in DP. valence states for this compound [19] . However, Arulraj et al. reported a ferrimagnetic transition at 450 K with a small ferromagnetic component [20] whereas Q. Lim et al. suggested that this DP shows an antiferromagnetic transition at T N =40 K [21] . This variety of results may arise from the fact that Sr 2 CrMoO 6 samples can be obtained with significant structural defects, mainly oxygen vacancies, and a large amount of ASD [22] . The presence of these imperfections strongly affects the properties of this DP [23] . In particular, the high level of ASD (around 35 %) leads to an increase in the number of direct of Cr-O-Cr (and Mo-O-Mo) interactions due to the structural disorder. In order to address this point, we have also studied the properties of the Sr 2-x La x Cr 1+x/2 Mo 1-x/2 O 6 series for the sake of comparison. In this series the substitution of Sr by La is accompanied by an effective increase of Cr-O-Cr interactions in such a way that the end-members of this series are the DP Sr 2 CrMoO 6 on the one side and the single perovskite LaCrO 3 on the other. LaCrO 3 exhibits long antiferromagnetic ordering at T N~3 00 K due to the Cr-O-Cr coupling [24] .
The purpose of this work is to study the structural and magnetic properties of both series, with and without formal e-doping, in order to gain insight into the existence and effectiveness of this doping in Cr-based DP. 3 and Mo were mixed, ground and heated at 1200º C for 2h in a current flow of Ar. We note that the physical behaviour of CrMo-based DP can be strongly influenced by the presence of oxygen vacancies [22] . In order to minimize the occurrence of this phenomenon we synthesized the compounds in an inert atmosphere with different Mo/MoO 3 ratios. Under these conditions we obtained the perovskite phase and secondary phases. The impurities were then successfully removed by sintering the compounds at high temperature with a small amount of H 2.
Experimental section.
The powder was pressed into pellets and sintered at 1400º C for 3 h in a stream of H 2 /Ar (0.4:99.6). This step was repeated, if necessary, until the end of chemical reaction was indicated by the absence of changes in the x-ray patterns. We note that the amount of H 2 here used was five times lower than in our previous synthesis reported in ref. 22 which had a strong influence on the oxygen stoichiometry as we will see later.
The samples were characterized by x-ray powder diffraction (XRD) using a Rigaku D-Max system with Cu K  radiation. Neutron powder diffraction data were measured at the Institut Laue Langevin (Grenoble, France) using two instruments.
The high intensity diffractometer D1B with ~2.52 Å was used to perform temperature scans between 2 and 320 K. Meanwhile, the high resolution diffractometer D1A with ~1.91 Å was used to carry out crystal refinements at selected temperatures. Structures were refined by the Rietveld method using the Fullprof package program [25] .
The chemical composition of the samples was tested by using the wavelength dispersive x-ray fluorescence spectrometry technique (advant'XP+ model manufactured by Applied Research Laboratories). Magnetic measurements were carried out using a commercial Quantum Design superconducting quantum interference device (SQUID) magnetometer. The isothermal magnetization was determined at selected temperatures between -50 and 50 KOe. DC magnetization at 5
KOe was measured between 5 and 350 K and ac magnetic susceptibility was measured in the same range using an alternating field of 4 Oe and a frequency of 10 Hz. In this type of compounds, oxygen atoms play an important role in the magnetic interactions so that it is desirable an accurate determination of both oxygen stoichiometry and atomic coordinates. It is well known that neutron diffraction is more sensitive to oxygen atoms than conventional x-ray diffraction so that we have made use of neutron diffraction to perform the crystal characterization on selected samples. The study was focused on Sr 2 CrMoO 6 , the e-doped compounds . In order to limit the number of free parameters, the samples were measured at high temperature in the paramagnetic region in order to refine the oxygen stoichiometry and the amount of ASD. These parameters were then fixed in the refinements performed at low temperature. The unit cells and refinement details are illustrated in the tables 1 and 2 for the measurements at 300 and 2 K, respectively. The atomic coordinates, occupancies at the B-sites, selected bond lengths and bond-angles are summarized in tables 3 and 4.
Results and discussion.

Structural characterization
Sr 2 CrMoO 6
Neutron patterns for this compound were collected at 2, 50, 100, 200, 300 and 400 K. This sample is cubic at room temperature, space group m Fm3 , in agreement with previous reports, including the oxygen deficient specimen [20] [21] [22] . The refinement of this sample in the paramagnetic region (300 and 400 K) only shows a slight oxygen deficiency yielding a chemical formula of Sr 2 CrMoO 5.96 . This result reveals the strong influence of the synthesis conditions on the final oxygen content of this sample and justifies to revisiting Sr 2 CrMoO 6 properties.
The refinement at high temperature gives a value of 35% for the ASD which is closer to a single perovskite (50%) than to a fully ordered compound (0%). This high number of ASD may arise from the similar ionic radii of Cr 3+ and Mo 5+ , 0.615 and 0.61 Å, respectively [26] . In fact, attempts to refine the oxygen x-coordinate always gave the value ¼ within the standard deviation. We have fixed this value in the last step of the refinement obtaining a similar quality of the fit. This result implies equal bond lengths for both B-sublattices. interactions. We were successful in modelling the magnetic structure as a G-type with antiferromagnetic interactions along the three directions. The magnetic form factor of Cr 3+ was assumed for both sites and the magnetic moment was constrained to have the same value for both B and B'-sites.
Hence, the refined moment can be considered as an average of the localized moments in these sites. A best discrepancy factor of R mag~8 % was reached for the diagram of Fig. 2 preserving the nuclear stoichiometry always lead to unstable refinements.
The magnetic peaks are much broader than the nuclear peaks suggesting a short coherence length (L) for the magnetic phase. In order to evaluate L, we have refined a parameter in the magnetic phase accounting for the isotropic particle size broadening. The inset in Fig. 2 compares the accuracy of the fit with and without use of this parameter. The improvement is significant although the effect on the refined magnetic moment is minor. This parameter affects the Gaussian part of the pseudoVoigt function used to model the peak shape [25] and yields an average grain size after applying the Scherrer equation. We obtained a value of only 57 Å for Sr 2 CrMoO 6 indicating a small coherence length for the magnetic ordering. The magnetic contribution to the Bragg peaks is still noticeable in the pattern taken at 100 K where the sample is already cubic. This indicates that the magnetic ordering is not coupled to the structural transition as was found in other related DP [29] .
Sr 2-x La x CrMoO 6 samples.
The samples belonging to this series correspond to compounds having a nominal e-doping. Refinements of the neutron data taken at high temperature do not reveal a significant oxygen deficiency for any of these samples, indicating that the addition of La improves the oxygen stoichiometry. [26] . Accordingly, the average B(B')-O bond lengths rise with increasing doping in agreement with an effective electron injection into the transition metal d bands as observed in related compounds [18, 30] . Unfortunately, the large disorder does not allow determining the specific atom, Cr or Mo, which receives the additional electronic density and both B-O distances exhibit similar values.
Figure 3(a) shows the neutron patterns of the three samples at low temperature. All samples show the same magnetic peaks observed in the parent compound. The intensity of the magnetic peaks seems to increase as the doping ratio does. However, the refined magnetic moment remains almost constant along the series (see Table 2 [26] . The comparison between both series in the whole temperature range is summarized in Fig. 4 where the different space groups realized in these systems are also indicated. This result together with previous reports on doping in FeRe-and
FeMo-based DP [18, 30] 
Magnetic transition.
The thermal evolution of the magnetic ordering was studied from a set of neutron diffraction patterns collected between 2 and 320 K with =2.52 Å. The magnetic structure is stable from 2 K up to T N for all compounds. The temperature evolution of the first magnetic peak is illustrated for all samples in 
Macroscopic magnetic properties.
The magnetic properties were also studied by means of macroscopic measurements. Fig. 6 shows the temperature dependence of magnetization for Sr 2 CrMoO 6 at 5 KOe in zero field cooled (ZFC) and field cooled (FC) conditions.
The magnetization exhibits a cusp around 60 K and magnetic irreversibility between ZFC and FC conditions appears at lower temperatures. This result is different to the one obtained for the oxygen deficient sample where the magnetic irreversibility was found above room temperature [22] . Therefore, this finding suggests that magnetism in Sr 2 CrMoO 6- appears at lower temperature as the samples become more stoichiometric in oxygen (or  decreases). The differences in oxygen content may be the reason for the different properties reported in the literature [19] [20] [21] [22] .
The inset of the figure shows the isothermal magnetization at selected temperatures. Sr 2 CrMoO 6 exhibits a hysteresis loop with a large coercive field at 5 K and it does not achieve magnetic saturation at 5 T. Moreover the value of the magnetic moment at this field is very low in agreement with previous reports and in disagreement with a ferrimagnetic model of two sublattices with different ratios of Version 5 NOV 09
-15 -Cr and Mo atoms. This is another indication that not all atoms in the compound participate in the long range magnetic ordering. Regarding the neutron results, magnetism arising from magnetic clusters with short coherence lengths seems to be more plausible to account for these properties. The loops at higher temperatures show a strong decrease of the coercivity and a diminution for the ferromagnetic contribution. A very slight contribution of the later is still noticeable in the measurement at 300 K. We assign this parasitic signal to non-stoichiometric regions in our sample as the oxygen deficient compound show significant ferromagnetism at room temperature [22] . The differences present between x=0 and x=0.1, with similar ASD, might suggest a role of the e-doping as observed in related systems [7] [8] [9] [10] [11] [12] [13] [14] [15] . Figure 8 shows the temperature dependence of the ac magnetic susceptibility for both series up to 350 K. In Fig. 8(a) , Sr 2 CrMoO 6 exhibits a strong peak at ~60 K in agreement with the previous magnetization measurements and a previous report [21] . Above this temperature, the susceptibility decays as temperature does but the compound does not behave as a conventional paramagnet and a small shoulder is compounds. These samples also show several anomalies in the susceptibility curves with the first magnetic anomaly appearing at higher temperature as the La-content is increased. The temperature of this first anomaly agrees with the appearing of magnetic contribution in the neutron patterns and it can be related to the onset of the antiferromagnetic ordering (compare Fig. 8 to 5 ).
The presence of several magnetic anomalies has also been observed in related DP with a high degree of structural disorder [17, 31] . 
CONCLUSIONS.
We were successful in preparing Sr 2-x La x CrMoO 6 (x≤0.5) and Sr 2- (2) L (Å) 57 (4) 69 (6) 175 (15) 240 (23) 211 (18) 283 (21) 387 ( 
